Various cellular processes that control K+ homoeostasis, secretion, and membrane excitability involve inwardly rectifying K+ (Kir) channels. The recent progress in molecular cloning has led to the identification of multiple channel species that according to a recently proposed classification scheme (1) may be assigned to three major subfamilies: (i) Kir 1.0 channels that are ATP-sensitive and mildly rectifying, (ii) Kir 2.0 channels (IRK) with strong inward rectification, and (iii) G protein-activated Kir 3 .0 channels (GIRK). Channel subtypes that belong to the GIRK subfamily have been considered to be under the obligatory control of G protein-mediated signaling pathways. Underlying the action of acetylcholine in heart atrial cells, receptor-activated G13y subunits dramatically increase the open probability of Kir 3.1 (GIRK1/KGA; refs. [2] [3] [4] .
Although direct demonstration is still lacking, G3-y subunits are thought to directly interact with distinct N-and C-terminal parts of the channel protein (5) (6) (7) (8) . Analogously, central nervous system neurons may use this direct signaling theme by employing different combinations of several G proteincoupled receptors (9, 10) and Kir 3.0 subtypes (11) (12) (13) (14) (15) .
In contrast to the pathways that involve GIRK and transduce signals with rate constants of 3 to 10 s-1 (16) , slower forms of G protein-mediated control of K+ inward rectifiers involving soluble cytoplasmic messengers may also exist. Both in excitable (17) (18) (19) and in nonexcitable cells (20, 21) , Kir channels are inhibited by a process that involves the action of serine/ threonine protein kinases and protein phosphatases. In addition, recent reports suggested that channel run down and loss of activity after patch-excision of recombinant Kir 1.1 and Kir 2.1 channels, respectively, were reduced in the presence of protein kinase A (PKA) (22, 23) . Functional modulation of receptor/channel activity through phosphorylation/dephosThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 5819 phorylation processes in fact is a widespread cellular phenomenon and has been found to affect Na+ channels (24) (Fig. 1) . Current inhibition by 100 ALM 5-HT averaged to 42 ± 20% (n = 16). The block was voltage-independent and rapidly developing (TON = 4277 + 1267 ms; n = 5) and reversible within seconds (TOFF = 3025 + 1515 ms; n = 5) as determined from continuous recordings of cell responses to 5-HT applied through a fast microperfusion system (Vh = -120 mV; Fig. 1B ).
Of the more specific receptor agonists tested, the 5-HT type 2 (5-HT2) receptor agonist a-methyl-5-HT (n = 13) did not significantly affect Icir (Fig. 2) . 5-HT inhibition was only exceeded by applying the selective 5-HTlAR agonist 8-hydroxy-2-(di-n-propyl-amino)tetralin (8-OH-DPAT). Current block by 100 tLM 8-OH-DPAT averaged to 72.7 ± 4% (n = 6; Fig. 2 ) and was otherwise indistinguishable from the 5-HT effect. When coapplied with the agonist, the broad 5-HTI receptor antagonist pindolol (50 AIM) diminished the inhibitory effect of 5-HT (Fig. 2) . These results provide strong (Fig. 2) . Forskolin block was observed in 10 of 16 cells and characteristically proceeded with both a fast time constant (TON = 285 + 884 ms; n = 6; probably due to direct, voltage-dependent interaction with the channel; ref. 36 ) and a slow time constant (TON = 1.97 ± 0.45 s; n = 3; probably due to elevation of internal cAMP concentration) of both onset of inhibition and recovery from inhibition (Fig. 3) . As (Fig. 2) . Interestingly, coapplication of 5-HT and 8-bromo-cAMP induced a block that was comparable in amplitude (88 ± 11%; n = 9) and occurred more frequently (9 from 12 cells) than the responses to both substances individually. Fig. 3 Whereas voltage-step protocols documented the inhibition of wild-type IRK1 channels in the presence of catalytic PKA subunits (Fig. 5A) , no sign of current inhibition through mutant IRKls425N channels was observed that was significantly different from cells monitored in the absence of PKA subunits (n = 12; Fig. SB) . Thus, we tentatively conclude that IRK1 channels are subject to potential inhibition by direct PKAmediated phosphorylation.
When COS cells expressing mutant IRKls425N channels were subjected to internal perfusion with GTP[y-S] (100-400 JLM) /Kir currents decreased in amplitude by only 15 + 6% (n = 6) during the first 10 min of whole-cell recording. This value was comparable with control recordings in the presence of 200 tM GTP (6 + 5%; n = 8), but was significantly smaller than the GTP[-y-S]-induced IKir reduction in cells transfected with native IRK1 channels. This observation may lead to the conclusion that under the experimental conditions used in our experiments, constitutively activated G proteins affect IRK channels primarily through PKA-mediated protein phosphorylation. Recent reports also suggest PKC to be involved in the inhibition of K+ inward rectifiers (18, 23) . In preliminary experiments using both the potent PKC-inhibitors staurosporine (n = 8) and bisindolylmaleimide (n = 9) as well as the PKC-activator SC-10 (n = 9), no effect was found on IIRKI.
DISCUSSION
Slow inhibition by 5-HT receptor agonists, GTP[y-S], forskolin, 8-bromo-cAMP, and catalytic subunits of PKA suggests that recombinant IRK1 (Kir2.1) channels expressed in COS-7 cells are negatively controlled by a cAMP-dependent phosphorylation process. The predicted amino acid sequence of IRK1 harbors four potential PKC phosphorylation sites, two tyrosine kinase phosphorylation sites, and a single putative cAMP/cGMP phosphorylation site at the third last serine residue (S425). When S425 was replaced by an asparagine residue in a mutant channel, the above substances no longer exerted their specific effects; thus, to our knowledge, we have demonstrated for the first time that Kir channels may function as a substrate for direct PKA-mediated protein phosphorylation. Because the apparent phosphorylation site is located at the very end of the C-terminal cytoplasmic tail of the protein -250 amino acids distant from the second putative transmembrane segment (M2), a direct conformational transition within the channel pore region induced by S425 phosphorylation seems unlikely. In analogy to the "ball and chain" inactivation model developed for transient current flow through A-type K+ channels (37, 38) , we suggest that a C-terminal portion of IRK1 might itself serve as the closing gate for the channel pore. Recent studies on cholinergic nucleus basalis neurons in the basal forebrain (19) and dopaminergic neurons from the substantia nigra (20) 
